I. INTRODUCTION
The theoretical predictions of spin-transfer interaction between the conducting electrons and a macroscopic magnetic moment 1, 2 have led to many experimental investigations on current-induced magnetization switching ͑CIMS͒ 3, 4 and current-induced magnetic excitations. 5, 6 In terms of applications, the interest of CIMS is considerable since it provides a reliable way to commute the magnetic state of a spintronic device by using a spin current instead of a currentinduced magnetic field. Furthermore, when a high current is injected in the presence of a high magnetic field, the spintransfer torque ͑STT͒ generates magnetization steady precession in the GHz that leads to microwave emission. This opens the possibility for the development of nanosized tunable microwave oscillators. 7, 8 Experimentally, most studies of the spin-transfer phenomena have been performed on magnetic nanopillars composed of a stack: thin magnetic layer/nonmagnetic metal ͑or insulator͒/thick magnetic layer designed as a nanopillar by electron beam lithography. The actual dimensions of the nanopillars must be less than a few hundred nm 2 in order to reach the required critical current densities ͑around 10 7 A/cm 2 ͒ and to avoid or weaken the effect of the Oersted field. As a consequence, the fabrication process is complex. A simple and low-cost alternative could be to use electrodeposition on nanoporous templates since it leads naturally to nanowires having diameters comparable to nanopillars. In the past, magnetic nanowires composed of magnetic multilayers have been extensively used as model systems to validate the theoretical predictions of the currentperpendicular-to-plane giant magnetoresistance ͑CPP-GMR͒ effect. 9, 10 Moreover, the nanowire geometry has already been used for spin-transfer studies ͑indeed among the first͒, for example with magnetic nanowires in nanoporous tracketched polycarbonate membranes. 11 In this case, partial or full reversal of magnetization induced by a spin-polarized current was demonstrated. However, nothing was reported on the other regime of STT effect, i.e., current-induced magnetization precession in nanowires, although this corresponds to the situation for which the advantages of this approach are extremely promising. Indeed, the electrodeposition method could be of high interest for the subsequent fabrication of spin-transfer nano-oscillators coupled either through the emitted spin waves 12 or by an electrical coupling. 13 In the present work, we have grown by electrodeposition Co/Cu/Co trilayers in an alumina nanoporous template on Si substrate. Compared to polycarbonate membranes, the supported alumina templates present many advantages with respect to thermal stability, mechanical resistance, and oxidation protection of electrodeposited magnetic materials. Furthermore, the adjustment of pore density and diameter as well as the nanopore organization is easier. Recently, we have developed an original and low-cost nanolithography method using a modified atomic force microscope ͑AFM͒. 14 We have successfully demonstrated that this technique allows the electrical contact of single nanowires even on a large density template ͑around 10 10 nanowires/ cm 2 ͒. 15 Here, we report, using the same contacting method, some direct evidence of CIMS and spin-transfer-induced precession of the magnetization in single 90-nm-diam nanowires made of ͑Cu 100 nm/ Co 2 nm/ Cu 2 nm/ Co 25 nm͒ ϫ 3 trilayers.
II. FABRICATION OF THE ELECTRICAL CONTACTS ON SINGLE NANOWIRES
The homemade fabrication of the nanoporous Al 2 O 3 template begins by the anodization of a 0.5-m-thick Al layer evaporated onto a Ti 5 nm/Au 100 nm/Nb 20 nm/Si substrate. The nanopores in the template are formed by complete anodic oxidation of the Al layer, performed in a 0.3 M oxalic acid solution at 2°C under a constant voltage of 60 V. Note that the interpore distance and pore length depend on the applied anodization voltage and the duration, respectively. With our conditions, we are able to obtain nanopores having a mean diameter of about 90 nm and a mean interpore distance of about 150 nm. At the end of the anodization process, residual alumina is completely eliminated from the bottom of all the nanopores by etching with a solution of 5 wt. % H 3 PO 4 at 30°C. In order to fill the pores with conducting materials, we use the Au layer as the bottom electrode for the electrodeposition. The electrodeposition into the pores was carried out in a conventional threeelectrode cell with a platinum counter electrode and a Ag/ AgCl reference electrode. The trilayer Co/Cu/Co nanowires were fabricated using a pulse-plating method in which the two metals are deposited from a single sulfate bath ͑with copper kept in dilute concentration͒ by switching between the deposition potentials of the two constituents. 16 The stacking in each nanowire of the template is ͑Cu 100 nm/ Co 2 nm/ Cu 2 nm/ Co 25 nm͒ ϫ 3 trilayers. We have deposited three spin-valve systems in each nanowire in order to increase the GMR effect expected from each wire. Additional Cu is electrodeposited to fill the nanopores up to the top surface.
The contacting technique of individual nanowires is described in detail in Ref. 15 . The filled alumina template is first mechanically polished in order to reduce the template thickness and get a flat top surface. At this stage of the fabrication process, we perform a mapping of the surface of the template using a conductive tip atomic force microscope ͑CT-AFM͒. This allows us to image simultaneously the topology and the conductivity of the sample. This type of characterization ensures that metallic nanowires end at the top surface. In the second step of the fabrication process, a thin insulating polymer resist is spin-coated on the alumina template surface. On top of the first polymer, a second thick insulating polymer resist is spin-coated and designed by a classical optical lithographic process. This second resist allows us to define on each wafer 14 regions of 30 ϫ 30 m 2 . In the resulting apertures, the nano-indentation process is performed with the CT-AFM. The CT-AFM is used to create a hole by indentation of the thin resist. The criterion to stop the indentation is that a metallic electrical contact between the tip and the underlying nanowire is obtained: the indentation depth is monitored in real time by the resistance between the tip and the sample. We emphasize that the indentation process is stopped if no resistance decrease is detected when the cantilever reaches a certain deflection limit. This situation corresponds to the case in which the tip lands in between metallic nanowires. Note that about onehalf of the indentation process leads to a metallic contact on top of a single nanowire. On each wafer, we thus obtain about seven metallic contacts and among them four with resistance values expected for single nanowires. After nanoindenting, the whole template surface is covered by a Au layer. A last step of lithography is performed by Ar ion milling to design the top electrical contacts on individual nanowires. Subsequent magnetotransport measurements are performed at room temperature in a two-probe configuration. The magnetic field is applied along the magnetic layer plane, i.e., perpendicular to the nanowires. In our convention, a positive current corresponds to electrons flowing from the thick to the thin Co layer.
III. MAGNETOTRANSPORT MEASUREMENTS
In Fig. 1 , we show the variation of resistance versus magnetic applied field measured at 0 dc current ͑only a small ac current is injected͒ for a nanowire consisting in 3 ϫ ͑Cu 100 nm/ Co 2 nm/ Cu 2 nm/ Co 25 nm͒. We measure a reasonable GMR effect that will be used as a sensor to determine the magnetic configuration in the spin valves of the nanowire. Note that the high resistance state at zero applied magnetic field corresponds to an antiferromagnetic configuration of the magnetization that minimizes the dipolar interactions between the different magnetic layers. The resistance value ͑Ϸ15 ⍀͒ is close to that which is expected for a single nanowire taking into account the resistivity values of electrodeposited metals and the contact resistances. On each branch of the GMR curve, we can observe three reproducible abrupt jumps of the resistance ͑indicated by numbered arrows in Fig. 1͒ . These sharp transitions are marked in Fig. 1 and have the following amplitude, respectively: ⌬R 1 =8 m⍀, ⌬R 2 =12 m⍀, and ⌬R 3 =2 m⍀. Due to the rather complex magnetic stack, it is complicated at this stage to ascribe each transition to a specific magnetic reversal of one or several trilayers. In the next, we consider that the transition no. 1 ͑see Fig. 1͒ corresponds to a switch from a low resistance ͑LR͒ to a high resistance ͑HR͒ state.
We have performed resistance measurements as a function of injected dc current through the nanowire for different applied magnetic fields ͑Fig. 2͒. Note that we have corrected the resistance variation corresponding to Joule heating in the nanowire. The inset in Fig. 2 is a zoom of the descending   FIG. 1 . Resistance vs applied magnetic field measured at room temperature for a 3ϫ ͑Cu 100 nm/Co 2 nm/Cu 2 nm/Co 25 nm͒ nanowire ͑I ac = 500 A͒. The numbered arrows indicate the respective trilayer switchings.
sweeping field part of the GMR curve to focus on transitions no. 1 and no. 2. When we start by applying a magnetic field close to the transitions in R͑H͒ ͑Fig. 1͒, we have observed some hysteresis loops in R͑I dc ͒ ͑see Fig. 2͒ . As an example, for H = + 835 Oe, we measure a sharp resistance increase ͑8 m⍀͒ for a negative critical current. On the other hand, the resistance decreases similarly for a positive critical current. The value of ⌬R when cycling the injected current is identical to the ⌬R 1 between the LR and HR states in Fig. 1 . To summarize, a positive current induces a transition from the HR to the LR state, while a negative current induces a transition from the LR to the HR state. This is in agreement with what can be expected from the action of the spintransfer torque using our sign convention. The critical currents defined as I C LR→HR and I C HR→LR ͑which switch the nanowire state into a high resistance and a low resistance state, respectively͒ measured in the R͑I dc ͒ curve with +835 Oe are −4.65 and 1.4 mA, respectively. The corresponding critical current densities are J C LR→HR = −7.3ϫ 10 7 A/cm 2 and J C HR→LR = 2.2ϫ 10 7 A/cm 2 . A similar behavior is observed for an applied magnetic field close to transition no. 2 in the field scan: for H = −870 Oe, the curve R͑I dc ͒ is hysteretic with a 12 m⍀ amplitude ͑Fig. 2͒. We have obtained a different behavior for H = −820 Oe. First for a negative current, we record an increase of the resistance corresponding to a transition from LR to HR, as for the other transitions. However, while increasing the current in the positive direction, the resistance variation is no longer hysteretic but reversible and with a different amplitude ͑6 m⍀͒. Further studies are needed to understand this nonstandard characteristic of CIMS effect. 17 In Fig. 3 , we show R͑I dc ͒ curves recorded on another nanowire of the same composition. For applied magnetic fields between 590 and 940 Oe, we have observed some hysteretic R͑I dc ͒ curves with resistance amplitude consistent with the field scan ͑not shown͒. For larger magnetic fields ͑H = 990 and 1040 Oe in Fig. 3͒ , the variation of the resistance becomes smoother and fully reversible. It is important to note that the highest resistance reached in this range is smaller than the value corresponding to the HR state in the CIMS region. It shows that the HR state is not reached even for large applied magnetic fields. The variation of the spintransfer critical currents with H is illustrated in Fig. 3͑b͒ . The field dependence of I C LR→HR and I C HR→LR is very similar to previous results on nanopillars ͓especially when comparing with Fig. 2͑b͒ of Ref. 16͔ and is consistent with theoretical models of the field dependence on critical currents. 18 Indeed, it provides clear evidence that the irreversible transitions induced by the dc injected current are due to a spin-transfer mechanism. It is important to recall that in most recent theoretical developments, 19, 20 the transverse component of the spin current polarization that is transferred to the magnetization of the free layer is completely absorbed at a distance of the order of 1 nm from the interface between the nonmagnetic and the ferromagnetic layer. In these conditions, the transfer of angular momentum is a quasi-interfacial effect and is thus very sensitive to interface quality. Our critical current densities are only slightly larger than the values reported in nanopillars experiments, probably due to the difficulty to obtain well-defined interfaces by the electrodeposition method. However, we have clearly observed all the features that are now considered as fingerprints of the spintransfer torque.
Our results contrast with previous reports on magnetization switching induced by a spin-polarized current in electrodeposited nanowires. 11 Indeed, there have been mainly reported current induced transitions from antiparallel ͑AP͒ to parallel ͑P͒ configurations of a Co/Cu/Co trilayer located at the middle of a copper nanowire, but no P to AP transitions. Back and forth transitions were reported, but the corresponding resistance variation amplitude observed in the R͑I͒ curve was only half of the one observed in R͑H͒. Moreover, the measurements were performed at 50 K and the nanowire resistances were high ͑242 ⍀͒. Here we demonstrate clear CIMS at room temperature, which is confirmed by equal resistance variation amplitudes in R͑I͒ and R͑H͒ curves. In addition, we present in the following some evidence of spintransfer-induced precession of the free layer magnetization. In Fig. 4͑a͒ , we display the change of the differential resistance dV / dI versus injected dc current measured at different high applied magnetic fields on a third nanowire of the same wafer. For negative currents, we observe some peaks in dV / dI͑I dc ͒ curves at critical currents. The absolute value of such critical currents increases linearly with the applied magnetic field ͓see Fig. 4͑b͔͒ . The peaks in the differential resistance dV / dI have been previously assumed to be associated with the onset of dynamical magnetic excitations. 3, [5] [6] [7] [21] [22] [23] The large magnetic field applied in the layer plane favors a parallel alignment of the magnetizations, while we have demonstrated above that a negative current destabilizes the parallel configuration. These two antagonistic effects lead to the onset of a steady-state precessional mode of the freelayer magnetization in the GHz range. Due to the existence of the GMR effect, the time variation of the magnetic configuration induces a voltage variation in the microwave range. 23 Microwave spectrum analyses are in progress to establish direct evidence for the microwave generation by spintransfer effects in our nanowires. Spin-transfer oscillators ͑STO͒ present many advantages compared to conventional oscillators ͑VCO͒ in term of rapidity, agility, and integration. However, the biggest remaining challenge is the amplitude of the emitted power from a single STO, which is orders of magnitude too small for any kind of application. This is why much effort 13, 24 will be necessary to realize the synchronization of many nano-oscillators. It is expected that both the power and the quality factor Q ͑linked to the linewidth͒ will increase as N 2 , where N is the number of phase-locked STOs. The first evidence for such synchronization was recently shown with two e-beam fabricated STOs in close proximity ͑less than 500 nm interdistance͒ in which the coupling is transmitted via the spin waves. 7, 8, 12, 24 Such devices are extremely hard to fabricate by standard e-beam lithography processes. On the contrary, assemblies of nanowires are naturally obtained after electrodeposition in alumina templates. The resulting devices could be appropriate systems for synchronization since several trilayers can be stacked in one nanowire and the Al 2 O 3 template can reach 10 11 nanowires/ cm 2 .
IV. CONCLUSION
We have performed resistance measurements on single nanowires composed of Co/Cu/Co trilayers electrodeposited in an Al 2 O 3 nanoporous template. For small applied magnetic fields, the resistance is hysteretic as a function of dc current injected through the nanowire. This behavior is ascribed to spin-polarized current induced magnetic reversal due to a spin-transfer torque mechanism. In agreement with experiments on nanopillars, we report some critical current densities in the 10 7 A/cm 2 range to trigger irreversible magnetization switching. For high applied magnetic fields, differential resistance exhibits peaks ascribed to free-layer magnetization excitation. This shows that electrodeposited nanowires constitute appropriate systems for spin-transfer studies. Particularly, the high density of nanopores in porous alumina templates allows the fabrication of a high number of magnetic nanowires on the same wafer. It is of great interest for the synchronization of many spin-transfer oscillators and to realize reliable microwave generation devices. 
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